The wick method for sampling of interstitial fluid from subcutis was applied in fluid balance studies in young pigs. Colloid osmotic pressure was measured in serum (COPs) and interstitial fluid (COPd using a membrane colloid osmometer. Our aims were to determine the 'true' COP;, and to find the optimal duration of wick implantation. In series I (n = 6) a 'crossover' experiment was performed using wicks soaked in different priming solutions (nondiluted and diluted serum protein solutions or isotonic salt solution). Circulatory arrest was induced just before wick insertion in order to eliminate the vascular part of the acute inflammation. In series II (n = 6) wicks were removed in sequence after 60, 90, 120 and 180 min sampling time in anaesthetized pigs in vivo. COPSI COP; and haematocrit (HCT) together with haemoglobin (Hgb), serum albumin and total protein concentrations were determined in the same animals.
than 100 years ago (Starling 1896) . The Starling equation describes the physiological mechanisms involved in the fluid transfer between vascular and extravascular compartments:
where Tv is the trans capillary fluid flux, CFC is the capillary filtration coefficient, P is hydrostatic pressure, (J is the reflection coefficient for plasma proteins across the capil-Accepted 8 Decem ber 1997 lary wall, COP is the colloid osmotic pressure, subscript c, p and i denotes capillary, plasma and interstitial fluid respectively, and dP is the net filtration pressure. This simplified equation shows that fluid transfer across the capillary wall is the product of the net filtration pressure across the capillary wall and the CFC. The general principles of the Starling hypothesis for trans capillary fluid transport have become widely accepted. The contribution of each variable/factor of the Starling equation is, however, still a matter of controversy. The same is the case regarding the mechanisms involved in the shifts of fluid, solutes and macromolecules between compartments. Reports on sampling and pressure measurements in interstitial fluid may reflect both' methodological uncertainties and differences between species and type of tissue studied. Except for COPp or COPs the 'Starling variables' are not readily available in clinical situations. Measurement of COP; requires sampling of interstitial fluid with invasive methods.
The present paper deals with the sampling of interstitial fluid from subcutaneous tissue in swine using the wick method (Aukland & Fadnes 1973 , Fadnes & Aukland 1977 ) and measurement of COP in this fluid (Aukland & Johnsen 1974) . The basic principles of the wick method is well documented, but some controversy exists regarding optimal implantation time (Aukland & Reed 1993) . Published reports on application of the wick method in pigs are very few.
The specific aims of the study were to identify the 'true' colloid osmotic pressure of interstitial fluid (COPd, and to evaluate the wick method in immature pigs with special reference to optimal duration of the wick implantation.
Materials and methods

Animal handling and anaesthesia
We used locally bred, immature domestic pigs weighing 34 (2,1) kg [mean (SO)L Norwegian landrace /Norhybrid, Stend Agriculture College, Norway). All procedures described were done with the approval of and in accordance with recommendations laid Heltne et al. down by the Norwegian State Commission for Laboratory Animals. The animals were fed twice daily, food was withdrawn 12 h prior to the study, whereas the pigs had free access to water until the start of the experiment. All animals were premedicated with ketamine (500mg), diazepam [lOmg) and atropin (1 mg) injected into the neck muscles 15-20 min prior to induction of anaesthesia. General anaesthesia was induced with isoflurane in oxygen and assisted ventilation via a face mask. After induction, an i.v. catheter was inserted (ear vein). An endotracheal tube was placed 3 min after a bolus injection of thiopentone 5-lOmg/kg. General anaesthesia was maintained with isoflurane (0,5-2,0 vol %) in 50% oxygen in air via controlled ventilation to end~tidal CO2-concentration of 4.5-5.0% (Cato Anaesthesia Workstation, Drager A.G., Germany) and a continuous infusion (6-8 ml/h) of a mixture of fentanyl and midazolam at a concentration of 30 flg/ml and 1.9 mg/ml, respectively. A femoral artery catheter was placed for blood sampling and continuous invasive blood pressure IIEP) monitoring. Heart rate was monitored continuously through ECG needle electrodes introduced subcutaneously. Oxygen saturation was monitored using a pulse oxymeter attached either to the tongue, the tip of the tail or the ear. The pigs were placed in the supine position, and the skin along the lateral thorax and flanks was closely clipped and cleaned prior to the implantation of all wicks.
All animals were killed with an i.v. bolus injection of saturated potassium chloride (20 ml) either at the end of the experiment or as part of the experimental protocol when circulatory arrest was required before wick placement.
Measurements
The wick method Fluid for determination of interstitial colloid osmotic pressure was sampled by means of multifilamentous nylon wicks (Enkalon 3 x 3, Enka bv., Produktgroep Industriele Garens, Arnheim, Holland), placed in subcutaneous tissue IAukland & Fadnes 1973 , Aukland & Johnsen 1974 , Fadnes & Aukland 1977 . the fluid within the wick will increase during implantation in wicks primed in fluid with lower protein concentration than in interstitial fluid, and vice versa. Priming-fluid COP and wick fluid COP after implantation are then plotted against each other. Ideally this will constitute a linear plot. The crossing point of this line and the line of identity, represents the COPi-value which remains unchanged during implantation, i.e. the 'true' COPi (see Fig 1) .
Colloid osmotic pressure COP-determinations were performed on serum, wick fluid and priming solutions using a colloid osmometer accepting samples down to 5 ttl. The semi-permeable membrane had a cut-off level at 30.000 Daltons (PM-3DAmicon, Lexington, MA, USA), and we used normal saline (NaCl 9 mg/ml) in the reference chamber (Aukland & Johnsen 1974) . Pressure was measured by a pressure transducer (Gould Statham T23XLl, Spectramed, USA) amplified and recorded by a EasyGraph TA240 (Gould Inc., USA). The crossover method We used the crossover method as described by Kramer and colleagues (1986) to find the 'true' COPi. Accordingly, wicks were inserted immediately after inducing circulatory arrest (i.e. postmortem) to avoid the problem of increased vascular leak caused by the implantation. Wicks were primed by soaking in either normal saline (NaCl 9 mg/ml) or protein solutions of different concentration (undiluted and diluted serum from swine). Four different priming solutions were prepared: (a) undiluted pig serum with anticipated higher COP than COP;, (b) pig serum diluted 1: 1 in normal saline, (c) pig serum diluted 1: 4 in normal saline and (d) normal saline (zero protein concentration and COP). We used 60 min implantation time. COP in In order to remove wax and other foreign molecules prior to implantation, the wicks were washed in acetone followed by ethanol. After being rinsed several times in distilled water the wicks were dried. At the start of each experiment the wicks were soaked in priming solution 60 min before insertion. In some animals additional dry wicks were placed together with 'wet' i.e. primed wicks.
Double-threaded wicks were sewn into skin folds and thus placed subcutaneously in lengths of 8-10 cm by means of a straight suture needle (Acufirm 214/1, Germany). The protruding ends of the wicks were covered with adhesive plastic film (Tegaderm, 3M Canada Inc.) to prevent evaporation. At the end of the implantation period, the wicks were pulled out swiftly and placed in centrifuge tubes containing mineral oil (specific gravity 0.88) and a specially designed funnel (Johnsen 1974) . Wick fluid 15-15/11)was collected in non-heparinized tubes from the bottom of the tube after centrifugation at 1500 rpm for about 20 min. Blood contamination in wicks was judged visually when pulling out each wiele Only white and light pink wicks were accepted. According to previous studies this indicates a haemoglobin concentration of less than 0.2 g/dl (Aukland & Fadnes 19731 .Wick insertion was made in a preplanned sequence either in living animals (in vivo, series II) or just after inducing circulatory arrest (postmortem, series I).
Albumin and total protein concentration in serum Serum albumin was determined by colorimetry (Doumas et a1. 1971) . Total protein concentration was determined by the so-called biuret reaction (Cornall et a1. 1949 ). Both were incorporated in an automated analyzer (Technicon Chern Systems, Technicon, USA).
Heltne et al. 
Series II: 'Variable wick implantation time'
In this series COPs averaged 13.0 (0.7) mmHg, mean haemoglobin concentration was 8.3 (0.91gldl, haematocrit 30.0 (1.6) % while mean serum albumin and total protein concentrations were 22.7 (0.6) gil and 47.3 (2.3) gil respectively. The objective of this experimental series was to evaluate how variation in wick implantation time influenced the measured COP; values. Wick fluid COP values showed some variation and seemed to approach a steady state between 60-120 min implantation time with an overall tendency to increase from 90 to 180 min. There were substantial variations in COPj values, and no statistical significant differences could be demonstrated between sampling intervals within the same primelwick group. Thus the indication of best or 'opti-
Haemoglobin and haematocrit
Haemoglobin was analysed using Coulter (STKS, Coulter Electronic Ltd, FL, USA). Haematocrit was determined using standard HCTtubes and centrifugation at 12 000 rpm for 10 min.
Experimental series
Twelve anaesthetized pigs were included in the study and divided into two series.
(I)
Crossover-series (postmortem), (n = 6):
All wicks were soaked (primed) prior to implantation shortly after circulatory arrest. (II) Variable-implantation-time-series (in vivo), (n = 6): Fluid primed and dry wicks were inserted in anaesthetized animals, with intact circulation and left implanted for 60,90, 120 and 180min.
Statistical analysis
Descriptive statistics were used throughout this study. Values are given as mean (SO). The data presented in Fig 2 were analysed using ordinary ANOVA (one-way analysis of variance) for longitudinal variations in each group. For point-to-point comparison Student-Newman-Keuls multiple comparison test and Tukey-Kramer comparison test were used.
Results
All animals were haemodynamically stable under anaesthesia and survived until cardiac arrest was intentionally induced. We found that the subcutaneous wick method was easy to apply in young pigs. -'-180 A mal' implantation time has to be done very carefully. With regard to the 'true' COPi found in series I to be 7.2 (1.4) mmHg and the COP-values from series II presented in Fig 2, we estimated 'optimal' implantation time to be 60-90 min for wicks primed in diluted protein solution and 90-120 min for dry and saline-primed wicks. Wicks primed in nondiluted protein solution tended to give too high COPi irrespective of implantation time. Long implantation time (180min) also tended to give too high COP; readings irrespective of the priming procedure.
Series I: 'Crossover-series'
In an extra experiment we measured COP directly in the priming solutions and made comparison with COP in fluid from wicks soaked in the different priming solutions, but without wick implantation. COP remained unchanged indicating that the processing of fluid via the wick have no influence on the COP level.
Discussion
Wick method, application in pigs and methodological problems
The multifilament nylon wick method for sampling of interstitial fluid has been analysed in rats (Aukland & Fadnes 1973 , Kramer et al. 1986 , Lund & Reed 1986 ) and in patients (Noddeland 1982 , Stranden 1983 , 0ian 1985 , Fauchald 1986 , Pitkanen et al. 1987 . Alternative methods to obtain fluid similar to interstial fluid (implanted capsula, regional lymph cannulation or fluid'from suction blisters) have their own limitations and problems and are discussed elsewhere (Aukland & Reed 1993) . We found the wick method easy to perform in young pigs. Wick implantation along the lateral thorax and flanks (chosen to represent approximate level of the heart when in supine position) regularly allowed easy insertion of relatively long wicks (8-10 em, sometimes longer). Attempts to sew wicks into the 'tighter' skin (less loose subcutis) turned out to be very difficult.
Inserting the wicks into a skinfold by means of a non-cutting straight suture needle inevitably leads to a local trauma and sometimes bleeding. This is a recognized problem 443 in highly vascularized tissue like muscle, but seems to be of less concern in skin (Aukland & Fadnes 1973 , Noddeland 1982 . The risk of blood contamination may be reduced if blood circulation is stopped as we did in series 1. In series II, however, we inserted subcutaneous wicks in animals with intact circulation and observed only very rarely blood contamination of wick fluid. When bleeding occurred (less than 5% of all implanted wicks) the blood-stained wick was discarded. As in earlier reports (Aukland & Fadnes 1973) , we accepted only white and very slight pink-stained wicks.
Evaporation from the wicks during implantation or the subsequent handling may lead to errors, tending to increase the solute and macromolecular concentrations in the wick fluid, thus giving rise to falsely high COP; values. Being aware of this problem we always placed an adhesive plastic film over the wick ends during implantation. We also arranged the transferral of the wicks into mineral oil so that the exposure time to room air was reduced to 1-2 s. Additionally, the humidity of room air was kept at a high level (around 50% relative humidity) during the experiments. Thus we believe the evaporation problem was substantially reduced. Other compositional alterations of wick fluid due to the processing are not likely since we found no change in COP values due to the handling process itself.
The crossover method developed by Kramer and colleagues (1986) represents a marked improvement of the wick method for sampling of 'undisturbed' interstitial fluid and correct determination of COPi. Kramers group reported a (non-significant) tendency to higher COPj-values in vivo compared to postmortem in rats. They concluded that fluid from postmortem wicks, more accurately reflected interstitial protein concentration. The COP;-values we found in pigs postmortem seem to follow the same pattern as reported by Kramer's group.
Protein priming of the wicks [soaking of the wicks in a protein solution prior to implantation) has been claimed to be necessary in order to obtain a reliable protein content of the wick fluid when implantation time is short (Aukland & Reed 1993 ). On the other side insertion of a saline soaked wick may create local protein deficit leading to underestimation of COPj especially in nonperfused tissue. In this case it has been claimed that one hour implantation probably is insufficient for wick fluid to be in equilibration with the interstitial fluid (Aukland & Reed 19931 .The acute extravasation of plasma proteins occurring when wicks are inserted in vivo, will, however, result in an 'auto'-protein-priming effect.
Own COPi results
We found the colloid osmometry itself to be a reliable method with very good reproducibility when doing repeated readings of standards and serum samples (COPsl. COP; values generally showed greater variation with standard deviations in the range 0.5-1.9mmHg (8-32% of measured means). This difference in precision may be explained by the potential sources of error related to the wick sampling technique as discussed above. Consequently we must be cautious in drawing conclusion from the COPj data. Keeping this in mind we think that the COPi found in series I (crossover) probably is a representative estimate of the 'true' eoPi.
We have to emphasize that COPi in the present work is obtained from subcutis and thus it may not be valid for other tissues (Reed 1981) .It also has to be considered, that the subcutaneous tissue in swine is rather thick, sparcely vascularized (relatively similar to human skin) and thus 'well suited' for the wick method.
Based on evidence from human studies and experimental data in dogs a reduction in COPs to values under 15mmHg would generally indicate a tendency to hypoproteinaemic oedema. The colloid osmotic force, leading to reabsorbtion of fluid from the extravascular to the intravascular space, is, however, dependent on the COP-difference between these compartments i.e. eop= leaps -COP;). Since not only COPSI but also COPj-values were low, the resulting~eop was less influenced. Thus microvascular fluid balance may be quite normal in spite of low s-albumin concentration and COPs.
Heltne et al. Fig 2) , the same reservations as mentioned above has to be made. Ideally implantation time should be as short as possible in order to make 'spot' measurements and allow for repeated sampling. Our findings were somewhat disappointing in this respect. We tried dry wicks and short implantation time (30min) after circulatory arrest. This resulted consistently in too little wick fluid (<5 ,Ill).
Regarding series II (variable wick implantation time in vivo,
The best correspondence with the 'true' COPi-level found in series I was seen with implantation time between 60-90 min for wicks soaked in diluted protein solution and 90-120 min for dry wicks and saline-soaked wicks. Wicks primed in non-diluted serum protein solution turned out to give COP values consistently above the 'true' COPi level as demonstrated in Fig 2. This may indicate that a substantial amount of colloids from the wick is unloaded into the surrounding tissue.
Generally low values of measured variables
When comparing our results with reported COP-values from human medicine, other animal species as well as from adult pigs, it is clear that we found relatively low values for COPs and COPi. It may, however, be in accordance to previously reported age/maturity-related variations in rats (Reed &. Aukland 1977) and guineapigs (Spitzer & Edelmann 1971) . Similarly haemoglobin concentration, haematocrit, serum albumin and total protein concentrations were found to be low in our study. Reference blood chemistry profiles have been established for several breeds of domestic and miniature pigs currently used in biomedical research (Parsons &. Wells 1986, Radin et al. 1986 , Schmidt &. Tumbleson 1986 , Hannon et al. 1990 ). According to Hannon, immature swine have lower values for plasma osmotic and oncotic pressures than adult animals.
Conclusions
The pig is rapidly becoming a popular animal for a wide range of experimental biomedical research. To our knowledge, however, there is little information available on sampling of interstitial fluid in this species. With some limitations and reservations we may recommend the subcutaneous wick technique for this purpose. Although the postmortemcrossover technique is rather time consuming and inconvenient, we believe it is among the best methods for measuring COPi presently available, also for young pigs.
The finding of simultaneously low COPs and COPi values indicate that the transvascular COP gradient may be relatively well preserved, thus reducing a potential risk of oedema in cases with hypoproteinaemia and low COPs'
